The controlled air gap of the electromagnetic levitation system of maglev train is generally 8-10mm, which makes the vehicle/guideway coupling problem prominent. In practice, it is found that the stability of the magnetic levitation system is affected by guideway irregularities, and the levitation gaps show different dynamic characteristics, which is closely related to the sensor positions. The purpose of optimization of the dynamic performance of the electromagnetic levitation system is to reduce the dynamic deviation amplitude of the levitation gaps. Firstly, a linear model of the module levitation system with guideway is proposed. On this basis, the discrete frequency excitation method is used to obtain the dynamic amplitude response of the levitation gaps at different guideway wavelengths and vehicle speeds. Then, an optimization framework based on sensor positions is proposed. Based on this framework, the optimal sensor position at different speeds is obtained. The simulation results show that the optimal scheme can effectively reduce the deviation amplitude and the difference between the two levitation gaps, thus improving the dynamic performances of the electromagnetic levitation system. INDEX TERMS Dynamic performance, electromagnetic levitation system, guideway irregularity, sensor position.
I. INTRODUCTION
The maglev train uses electromagnetic force to support and to guide the vehicle to realize non-contact operation. Therefore, the maglev train has the advantages of low noise, strong climbing ability, small mechanical wear, and low maintenance cost [1] , [2] . The main representatives of electromagnetic suspension(EMS) type maglev train systems are the Japan HSST [3] , the Germany Transrapid [4] , the South Korea UTM [5] , and the China CMS series [6] . Through decades of development [7] , EMS type low-speed maglev train technology in China has gradually matured. The Changsha Maglev Express and the Beijing Subway S1 Line have been put into commercial operation for 2-3 years. The lowspeed maglev train in the Beijing Subway S1 Line is shown in Figure 1 . At present, many cities in China are planning to The associate editor coordinating the review of this manuscript and approving it for publication was Dong Shen . build low-speed maglev lines [8] , and researches on 600km/h high-speed maglev train and 200km/h medium-speed maglev train are in progress.
Under the control of the levitation system, the maglev train strictly tracks the guideway profile by keeping the levitation gap between the vehicle and the guideway at 8-10mm. However, due to the guideway manufacture technology, installation error, elastic deformation, thermal expansion, and pier settlement, etc., the guideway irregularity is inevitable. The levitation gap deviates from the set gap due to the guideway irregularity. In General, the safe deviation range of the levitation gap is ±4mm. In some extreme guideway conditions, the vehicle will collide with the guideway, resulting in large noises, even levitation failure, which seriously affects the riding comfort. Meanwhile, with the increase of the operating speed of the maglev train, the deviation range of the levitation gap increases obviously. Therefore, it is necessary to study, thus to reduce the deviation range of the levitation gap.
There are two ways to reduce the deviation range of levitation gaps: 1. Improve the smoothness of the guideway. 2. Optimize the levitation control system. However, since the line construction cost accounts for 60-80% of the total cost [9] , the construction of a smoother guideway is uneconomical and not applicable to the constructed guideway. Therefore, it is necessary to analyze the levitation gap dynamic response under the guideway irregularity and find out the corresponding optimization strategy.
The dynamic response problem of the levitation system under the guideway irregularity belongs to the vehicle/ guideway dynamic vibration problem described in [10] , which is irrespective of the guideway elasticity. In this paper, this problem is analyzed considering three main aspects: the guideway irregularity model, the vehicle model, and the levitation control scheme.
The maglev guideway is a multi-layer structure composed of F-rails, sleepers, and girders, which together contribute to the guideway irregularity. Zhang et al. [11] studied the guideway irregularity of the Tangshan maglev test line and noted that there are periodic components in the PSD diagram of guideway irregularity, corresponding to sleeper spacing, F-rail section, and girder span. Shi et al. [12] and Huang et al. [13] measured the long wave irregularity of the Shanghai high-speed maglev line, and they believed that the deflection of the girders contributes to the long-wave period irregularity. Compared with girders, F-rails are more likely to provide short wave periodic irregularity [14] . For periodical irregularities, the guideway can be modeled as a sinusoidal function [15] - [19] . For random irregularity, the irregularity data is generally calculated by the inverse Fourier transform method [20] from the PSD function, or by the field measurement by guideway inspection instruments [11] .
For the vehicle model of the maglev train, it was modeled as a moving force [21] or 2-DOF rigid body [22] in early researches and then modeled by researchers as 10-DOF [20] , 34-DOF [23] , 93-DOF [17] , 110-DOF [24] , and 210-DOF [25] models. The complicated vehicle models are beneficial for the analysis of vehicle/bridge coupling dynamic problem considering the elasticity of the bridge, but they are unnecessary for the rigid guideway analysis. Moreover, the dynamic response difference between levitation gaps is not considered in these studies. In practice, It is found that the two levitation gaps of a module levitation system show obvious differences, and the deviation amplitude of the back levitation gap is larger than that of the front one [15] . We will consider this difference in this paper.
To weaken the deviation amplitude of levitation gaps, researchers have done much work. Zhou et al. [15] analyzed the amplitude response of the linear two-input two-output (TITO) module levitation system and used an adaptive control scheme to suppress the amplitude of the back levitation gap. Li et al. [26] realized the decoupling of the module levitation system by using magnetic flux feedback control. The simulation and experiment results show that this scheme has a good effect on weakening the deviation amplitudes of both two levitation gaps. Wang et al. [27] proposed a PNP control strategy to suppress the deviation range of the levitation gap under the excitation of guideway irregularity. Leng et al. [28] used the feedback linearization method to solve the problem described in [26] . Besides, Zhou et al. [29] and Li et al. [30] proposed a scheme to move the sensor position.
In this paper, a mathematical model is established, which can reflect the dynamic response difference of levitation gaps. The discrete frequency excitation method is used to obtain the amplitude spectrum of levitation gaps under guideway irregularities. On this basis, to reduce the amplitude degree of levitation gaps, the optimal sensor positions are obtained. The simulation results show that when the vehicle speed is set as 80km/h, the deviation degree of the back levitation gap can be reduced by 12.14%, and the total deviation degree of the two levitation gaps can be reduced by 4.11%.
The remainder of this paper is organized as follows: In section II, the modeling of the module levitation system with the guideway is presented, and the dynamic response of levitation gaps is investigated. In section III, to reduce the deviation amplitude of levitation gaps, optimal sensor position are obtained. In section IV, the performance of the optimal scheme is evaluated. Section V gives a brief conclusion of this work.
II. MODELING AND ANALYSIS OF THE MODULE LEVITATION SYSTEM A. THE MODULE LEVITATION SYSTEM
In Figure 2 , the low-speed maglev train consists of five independent bogies, each of which is connected with the vehicle body through air springs. The elevated guideway structure is composed of F-rails, sleepers, girders, and piers. The whole levitation system of a maglev train can be divided into ten module levitation systems.
As shown in Figure 3 , a module levitation system is composed of a vehicle body, two air springs, the levitation module, and the guideway. The levitation module structure concludes mechanical brackets, the levitation controller, the levitation sensors, and an electromagnet. There are four coils in an electromagnet, which are connected in series and divided into two independent control units. Two levitation gap sensors are distributed at both terminals of the electromagnet. The levitation gap sensor is a kind of eddy current transducer with a measurement range of 0-20mm. The accuracy of the gap sensor is 0.02mm and the cut-off frequency is 40kHz. Each levitation controller receives the data from the sensor and controls the coil current, thus controlling the electromagnetic force to achieve stable air gap control. Therefore, traditionally, the module levitation system is divided into two control units and is decomposed into two SISO levitation systems. However, the two control units are coupled with each other, and the dynamic characteristics of the two units show obvious differences. Therefore, in this paper, a TITO system of the module levitation system is established to evaluate the dynamic performance difference between the two levitation gaps.
B. THE MATHEMATICAL MODEL OF THE SIMPLIFIED MODULE LEVITATION SYSTEM
Comparing to the dynamic vibration of the electromagnet, the frequency of load force from the vehicle body transmitted through the air spring is very low. Therefore, the distributed vehicle body gravity is regarded as a constant force of m b g. The simplified module levitation system model is shown in Figure 4 . The inertial coordinate system of the electromagnet is shown in Figure 4 , and the origin O e is located at the geometric center of the electromagnet. The inertial coordinate system of the guideway coincides with the inertial reference line, and its origin O r corresponds to the right end of the electromagnet. The electromagnet has two degrees of freedom: the vertical translational motion of the Y-axis and the rotation of the Z-axis, which are perpendicular to the X-Y plane. The positive rotation direction is shown in Figure 4 .
We assume that:1. The magnetic leakage is ignored. 2. Magnetic resistance of iron core and F-rail is not considered; 3. The F-rail and electromagnet are regarded as rigid bodies without considering their elasticity. 4. The mass distribution of the electromagnet is uniform, and the center of mass is located at its geometric center. 5. The electromagnetic force is uniformly distributed along the polar plane.
1) GUIDEWAY MODEL INPUT
There are two approaches that the guideway model affects the module levitation control system. One is the relative air gap detected by the levitation sensor, and the other is the average air gap, which is related to the electromagnetic force calculation.
Considering the influence of sensor positions, We define the sensor position as L s . y r is the guideway profile input reference:
According to Figure 4 , the vertical positions of the three guideway points are as follows:
where l is the length of the coil, and v is the moving speed of the moving electromagnet. The vertical positions of the levitation sensors are as follows:
where y e0 is the vertical position of the middle of the electromagnet, and θ is the rotation angle.
The measured levitation gaps obtained by sensors are deduced as follows:
The average gapδ is the average value of the air gap within the range of the electromagnet pole surface: (10) Equations (9) and (10) can be simplified as:
Under the condition of voltage input u(t), the voltage balance formulas of a single coil can be expressed as:
where R is the resistance, u 0 is the vacuum permeability, N is the turns of the coil, and A is the pole area.
Using the average gaps in (11) and (12), the electromagnetic force F e provided by the two coils are:
3) RIGID BODY KINETIC EQUATIONS
The vertical dynamic equation can be expressed as:
where m e is the mass of the module levitation system under air spring, m b is the mass of the distributed mass of the vehicle boy, and F d is the disturbance force.
The rotation dynamic equation is:
where I e = 4m e l 2 /3 is the inertia moment of the electromagnet.
4) THE LEVITATION CONTROLLER DESIGN
Classical control algorithms, such as state feedback control and PID control [31] , are widely applied in the maglev levitation control system. Here, the levitation gap signal, inertial velocity signal, and inertial acceleration signal are used to form a PIDA control algorithm [31] . Li and Chang [32] introduced the cascade control with the current control inner-loop and levitation gap control outerloop into the levitation control algorithm, which is widely used in the electromagnetic levitation control system. This cascade design idea is adopted in this paper, which is shown in Figure 5 . The output of the final levitation control algorithm is voltage u, which makes the whole control strategy become a voltage control method. The proportional control is adopted in the current loop to speed up the current response and to decrease the time delay caused by inductance. The response speed of the current control loop is designed to be about ten times faster than that of the outer levitation gap position control. The time constant of the current loop is about 10ms, and that of the levitation gap loop is about 100ms.
The proportional control algorithms for the current loop are described as:
where k c is the proportional gain. The PIDA control algorithm for the two units are as follows:
where k P , k I , k D , k A are the PIDA control parameters, δ 0 is the set gap, and i 0 is the equilibrium current.
C. LINEAR MODEL OF THE MODULE LEVITATION SYSTEM
Although the levitation system is nonlinear, under the cascade control, the levitation control system is stable near the equilibrium point. The module levitation control system is linearized at the equilibrium point to simplify the analysis. If x t is the state variable and x 0 is equilibrium state, then the corresponding linear state variable is deduced as:∆x = x t −x 0 . We remove the symbol ∆ from ∆x in the linear model.
Considering the initial value of the state of the linear system is zero, we use the Laplace transform algorithm as follows:
We define
. By using the Laplace transform equations (23, 24) , the linear model of module levitation system in s-domain is as follows:
To simplify the analysis, we define:
Let X = y e0ẏe0 θθ i 1 i 2 T , and u = f (s), the linear system (25) can be deduced as:
x 3 = x 4 (32)
Equations (30-37) can be rewritten as:
where A s is a 6 × 6 state transfer matrix, B s is a 6 × 1 input matrix, C s is a 2 × 6 state output matrix, and D s is a 2 × 1 output matrix. Let Y = δ 1 δ 2 T , then C s , D s are as folows:
The transfer function can be deduced as:
So far, the complete linear model of the module levitation system is established.
D. THE AMPLITUDE RESPONSE OF THE GUIDEWAY PERIODICAL IRREGULARITY
The guideway periodical irregularity u (t) with a certain wavelength λ at a certain speed v is equal to a sinusoidal signal with a certain frequency w = 2πv/λ as:
where A r is the amplitude.
The levitation gaps are deduced as:
The amplitude of the levitation gaps are:
We set A r = |u (jw)| to be a constant value of 1mm. The parameters in numerical computing are listed in Table 1 . In practice, with the increase of the maglev train speed, the deviation range of the levitation gap generally increases. As the maximum speed of the medium-speed maglev train is 200km/h, we choose 80km/h and 160km/h as the typical velocity values. Let L s = 2l, the amplitude responses of the two levitation gaps related to the guideway wavelength are shown in Figure 6 . The guideway wavelength is set from 0.001m to 20m. The deviation amplitude of levitation gaps reflects the tracking ability of the levitation control system. The smaller the amplitude is, the stronger will be the tracking ability. Several conclusions can be drawn from Figure 6 , including:
(1) The levitation gap amplitude is closely related to the guideway wavelength. With the increase of the wavelength, the levitation gap amplitude changes from 1 to close to 0, indicating that the tracking ability is improved. This conclusion is consistent with the fact that the levitation system tracks the low-frequency signal (longwave guideway profile) and ignores the highfrequency signal (shortwave guideway profile). (2) There are several local extremum values. In Figure 6(a) , the back maximum amplitude value 2.109mm appears at the wavelength of 3.01m, and the front extreme value 1.498mm appears at 1.54m. There is also a minimum value 0.2454mm in 6.23m of the front gap. With the increase of speed, from Figure 6 (a) to 6(b), the amplitude of large guideway wavelength will rise, which shows that the velocity is also an essential factor. (3) In a wide range of wavelengths, the amplitude value of the back levitation gap is more significant than that of the front levitation gap. However, with the decrease of the wavelength to zero, the relationship of amplitudes between the two gaps alternates. When the wavelength is large, the amplitude values of the two levitation gaps are basically the same. To verify the correctness of the analysis above, we have carried out a field test on the Beijing Subway S1 line. In the test, the maglev train is running at a constant speed of 80km/h. The two levitation gaps in a module levitation system are recorded through the network with a sampling rate of 200Hz. The two levitation gap signals are shown in Figure 7 . In order to measure the deviation degree of the signal, we use the root mean square (r.m.s) function of the signal error:
where δ 0 = 9mm. As we can see in Figure 7 , the RMS values of the two levitation gap signals are 35.68 (the back) and 26.69 (the front), separately, indicating that the deviation degree of back levitation gap signal is larger. The same trend can be seen from extreme values in Figure 7 . The range of levitation gap are 6.81-11.20mm (the back), and 7.21-10.94mm (the front), respectively. From the above analysis, it can be concluded that the two levitation gap signals show obvious differences, and the deviation degree of the back unit is obviously larger.
We use the Discrete Fast Fourier Transform (DFFT) to convert the signals from time-domain to frequency-domain. The amplitude spectrum plots of the two gaps are shown in Figure 8 . To simplify the analysis, we convert the abscissa of the amplitude spectrum from frequency into wavelength. The deviation amplitude function Amp can be deduced as:
Amplitude spectrum of levitation gap signals at 80km/h.
In Figure 8 , it is found that the deviation amplitude difference of the two levitation gaps is mainly in the range of 2.5-10m. The deviation amplitudes of the two levitation gaps are basically the same when the guideway wavelength is larger than 10m. These conclusions are inconsistent with that drawn in Figure 6 .
However, while the guideway wavelength is smaller than 2.5m, as the guideway input amplitude is fairly small, its contribution to the levitation gap deviation is limited. While the guideway wavelength is larger than 10 m, due to the strong tracking ability of the levitation system, its contribution to the deviation amplitude of the levitation gap is also limited.
The electromagnetic force is evenly distributed on the pole face of the electromagnet. However, because the sensors are located at the two terminals of the electromagnet, the two units of the module levitation system show different dynamics performance. To reduce the deviation degree of the two levitation gaps, we put forward a dynamic performance optimization scheme considering sensor positions.
III. DYNAMIC PERFORMANCE OPTIMIZATION SCHEME CONSIDERING SENSOR POSITIONS
The strategy of sensor position optimization is shown in Figure 9 , and the sensor configuration positions are moved from the existing two terminals of the electromagnet to the center of the two coils of each unit, which means L s ∈ [l, 2l].
The air gaps in Figure 9 is chosen as the main output, then: We define the average amplitude A a and average amplitude difference A as as:
We set the moving speed of the maglev train as a constant value of 80km/h, and then the optimization results are shown in Figure 10 . As the primary contribution guideway wavelength is from 3m to 10m in Figure 8 , the calculation of the average amplitude of levitation gaps is considered in this range. Several conclusions can be drawn in Figure 10 : 1. As with L s changes from 2l to l, the average amplitude of the back levitation gap decreases first and then rises, and the values of the start point are close to that of the endpoint. However, the average amplitude of the front levitation gap increases all along the process.
2.When L s = 1.424l, the average amplitude of the two levitation gaps are just the same. In the vicinity of this value, A as is minimized.
3.The total average amplitude reaches a minimum value of 1.973mm at 1.79l. Compared with 2.16mm in Case0, the reduction rate of A a1 + A a2 is 17.13%. Meanwhile, compared with 0.874mm in Case0, the reduction rate of A as is 29.6%.
It can be concluded that L s = 1.79l is the optimal sensor position to minimize the total average amplitude of the two gaps at 80km/h.
B. OPTIMAL SENSOR POSITION CONSIDERING VEHICLE SPEED
As the vehicle speed is a key factor, the optimal sensor positions at different vehicle speed are shown in Figure 11 . The range of guideway wavelength for total average amplitude calculation is 3-10m. As we can see in Figure 11 , the optimal sensor position gradually approaches 2l with the increase of vehicle speed. When the vehicle speed is larger than 120km/h, 2l is the best sensor position, indicating that there's no need to move the traditional sensor position at high speed. However, the running speed of the low-speed maglev train is between 0-120km/h, so moving the sensor position is beneficial to reduce the deviation amplitude of the levitation gaps of the low-speed maglev train.
IV. SIMULATIONS AND DISCUSSION
Considering that the random irregularity data can stimulate the system in each frequency, we use the measured guideway irregularity data of the Tangshan maglev test line as the input source of the system in the simulation, which is shown in Figure 12 . The length of the Tangshan maglev test line is 1.25km. The sampling step of data is 24mm, and the corresponding spatial frequency is 41.67m −1 . The range of the data is from −4.8mm to 2.85mm.
The linear model of the module levitation system is built under the Matlab software environment. Under the random guideway irregularity, the dynamic responses of the two levitation gaps are shown in Figure 13 .
As we can see in Figure 13 , the RMS values of the two levitation gap errors are 134.41 (the back) and 78.89 (the front) in Case0, 118.09 (the back) and 86.45 (the front) in Optimal position, separately. Compared to Case0, the RMS value of the back gap is reduced by 12.14%, and that of the front gap is risen by 9.58%. The total RMS value of the two gaps is reduced by 4.11%. The same trend can be concluded in the deviation range of gaps in Figure 13 .
By using the DFFT, the amplitude spectrums of the two gaps are shown in Figure 14 .
According to Figure 14 , compared with Case0, the amplitude of the back gap decreases in a wide range of the guideway wavelength. The primary contribution amplitudes of the back gap are 0.195mm at 6m, 0.1846mm at 8.96m, and 0.1553mm at 18.22m in Case0. Compared with Case0, the back gap amplitude of the proposed optimal scheme is reduced by 14.87% at 6m, and 6.72% at 8.96m. In a wide wavelength range, the difference between the two gaps decreases with the increase of the amplitude of the front gap.
However, the amplitude of both two levitation gaps rises at 18.22m. The lightweight of the girder makes the deflection of the track beam increase, which makes the input amplitude of the guideway beam span increase. In this case, this optimal scheme is unfavorable.
V. CONCLUSION
The vehicle/guideway coupling dynamics is a key problem that affects the operation stability and ride comfort of the maglev train. In this paper, the dynamic vibration of the module levitation system caused by guideway irregularity is studied. Firstly, the mathematical model of the module levitation system is established, which can reflect the dynamic response difference between the two levitation gaps. The discrete frequency excitation method is used to obtain the amplitude response of the two levitation gaps at different wavelengths and speeds.
The purpose of dynamic performance optimization is to reduce the deviation range of levitation gaps. We propose an optimization framework based on the amplitude response analysis. By calculating the average amplitude of two levitation gaps, we determine the optimal sensor position at different vehicle speeds. To a certain extent, the optimal scheme reduces the total deviation range of the two levitation gaps and the difference between them. This optimization method provides a reference for the optimization design of the electromagnetic levitation control system and helps to improve the stability of the electromagnetic levitation system and the ride comfort of the maglev train.
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